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Introduction

Abstract
The developing
limbs
of most vertebrates
serve as a model system
for studies
of morphogenesis,
pattern
formation,
cell
and tissue
intercctions
and cell
differentiation.
Mesoderm
in tha flank
of the embryo induces
overlying
ectod 3 rm to form a thickened,
stratified
or
pseud o-stratified
epithelium
which becomes the
h i g h l } s p e c i a l i zed a p i ca l ec tod e rma l r i d g e •
In
turn,
the apical
ridge specifies
individual
limb
parts
(first
from structures
proximal to the body
axis,
then to more distal
components)
and is
requ i ·ed for those
elements
to form.
If the
ridge
is removed,
subsequent
limb development
cease~
and no further
limb parts
appear.
The
series
of ectodermal-mesodermal
interactions
is
poorl y understood
at the molecular
level,
but
scanni ng e le ctron microscopy
permits
the visual izatio
of tissues
and cells
which participate
in
this
remarkable
process
of morphogenesis
and
differ entiation.
This paper is intended to serve
as an introduction
for the student
beginning
an
inves t igation
into
the mult iple,
integrated
biolo g ical
processes
which culminate
in the
establ i shment of a normal vertebrate
limb.

Key words:
Ectoderm; mesoderm; apical
ridge;
mesenchyme;
matrix;
cartilage,
genesis;
induction;
tissue
interactions;
cellular
communication.
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Studies
of the development
of limbs
in
vertebrate
embryos have attracted
a great deal of
recent attention
in laboratories
throughout
the
world.
The reason for this
interest
is that the
developing
vertebrate
limb involves
many fundamental
mechanisms
which are central
to the
development
and differentiation
of other
organ
systems
within
the embryo.
These mechanisms
include
epithel
ial-mesenchymal
interactions;
cell-cell
interactions;
intercellular
communication;
differentiation
of cartilage,
bone, and
vascular
structures;
and the factors
which
regulate
proliferation
and cell
death.
Taken
together,
over a precise
period of developmental
time within
the embryo,
these
forces
shape the
limb and ultimately
give
rise
to functional
structures
recognized as wings, arms and legs.
In addition,
these developmental
events
a re
remarkably
similar
when compared
between
reptiles,
birds
and mammals.
In this
regard,
it
is reasonably
clear
that
all
amniote
embryos
develop along a central
evolutionary
theme.
It
is this general
theme which we will focus upon in
this paper.
A series
of scanning electron
micrographs
is used to illustrate
the major events
which occur during early
limb development
using
the mammalian embryo as a model.
Each specimen
has been chemically
preserved,
dried
by the
critical
point
method,
and coated
with
a conductive
metal alloy.
The student
is expected
to
use this
paper as an introduction
into a model
morphogenetic
system.
Selected
readings
are
listed
in the reference
section
of the paper in
addition
to specific
references
of papers
in the
research
literature
which document
important
discoveries
regarding
the mechanisms
of limb
development.

ectoderma l
chondrointer-

Early Shape of the Embryo
As a mammalian embryo develops
the tissues
which will
eventually
become the skin
of the
embryo
and the
underlying
musculature
and
connective
tissues,
the embryo also
begins
to
acquire
a unique specific
shape.
Figure l shows
a mouse embryo early in development.
The head is
beg inning to form as is the flank (side)
of the
embryo.
Along the flank,
individual
somites
can
be seen,
in addition
to an elevation
of tissue
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However, it is important to note that during this
early
developmental
period,
proliferation
of
underlying
mesoderm results
in the development of
a hemispherical
limb bud and, in addition,
the
first
of two known tissue
interactions
begins to
induce the future
apical
ridge by action of the
underlying
mesoderm.
The student
should remember
that
this
interaction
is required
for the apical
ridge
to appear
and,
once
the
thickened
epithelium
is in place,
its
maintenance
is
dependent
upon the continued
action
of the
underlying
mesoderm
in some, as yet unknown,
manner.

adjacent
to the somites which is the early
fore
limb bud.
The bud (Figure
2) consists
of two
parts.
First,
the outermost
covering
is ectoderm, a tissue
layer which is continuous
over the
surface
of the embryo.
Immediately
beneath
the
ectoderm
is a layer
of undifferentiated
mesoderm.
Some of the cells
in the mesoderm form an
embryonic
connective
tissue
which is called
mesenchyme.
As the embryo continues
to change shape and
increase
in length,
the buds which w1l l form the
upper extremities
(fore
legs)
develop
somewhat
earlier
than the bud which will
form the hind
legs of the organism.
Approximately
one developmental
stage
separates
the growth and differentiation
of the fore from the hind limb bud.
As
can be seen in Figure
3, the lower
limb bud
appears
as a slight
swelling
along the caudal
region
of the embryo slightly
forward
of the
developing tail bud.

It is of further
interest
to note that,
because
of the suspected
dual origin
of the
mesoderm, these
cells
are developing
along two
very different
developmental
lines,
although they
have a remarkably
homogeneous
structural
appearance
at this stage.
The future muscle of
the limb appears to be of somite origin,
whereas
tendons
and chondrogenic
tissues
develop
from
cells
derived
from the somatic (flank)
mesoderm.
Although
it is not possible
at this early stage
to see differentiation
into muscle or cartilage,
experimental
evidence clearly
documents that this
differentiation
is occurring.

Polarity of the Early LimbBud
At this
early
stage
in the development
of
limb buds,
polarity
may al ready be seen.
The
anterior
border
of the limb bud is marked
in
Figure 4 as is the posterior
border.
To help in
orientation,
in an adult
human, the anterior
border
of the embryonic
limb will
eventually
correspond
to the top of the shoulder,
whereas
the posterior
border will develop into the armpit
(axilla).
Furthermore,
there is a dorsal
surface
of ectoderm illustrated
in Figure 4, as well as a
ventral
ectodermal
surface.
In addition,
as the
limb
bud continues
to grow
into
a more
cylindrical
structure,
a proximo-distal
polarity
is apparent.
The proximal boundary is closest
to
the midline of the embryo.
The distal
boundary
would be farthest
from the midl ine of the embryo
(where the fingers
and toes will
eventually
be
formed).

The structural
nature
of the interaction
between
the
mesoderm
and the ectoderm
is
interesting
in that
neither
layer
actually
touches
free
cell
surface.
Inductive
communication occurs through a highly
structured
matri x of extracellular
macromolecules.
Figure 7
reveals
the structural
relationships
of the
ectoderm
and its position
adjacent
to mesoderm
before the thickened
ridge develops.
At higher
magnification
in Figure
8, it c an be seen that
the mesodermal cells
reside
in an extracellular
matri x .
This
matri x consists
of collagen,
proteoglycan
and other
matri x molecules
(for
e x ample,
fibronectin).
The matri x enmeshes
adjacent
eel 1 s and provides
an in Yi,YQ culture
matr ix for
the
further
development
and
differentiation
of mesenchymal cells
in the core,
subridge,
and dorsal and ventral
compartments of
developing
limb mesoderm.
In addition,
it can be
seen in Figure
9 that
an intimate
relationship
e x ists
between the mesoderm and the overlying
ectoderm .
It is curious
that no direct
cell to
cell contact
occurs at this boundary which is so
active
as an inductive
interface.
However,
Fi gure 9 reveals
that matrix molecules
span the
interface
between
the basal
surface
of the
ectoderm and the opposing surfaces
of mesode rma l
eel 1 s without
permitting
the plasma membranes of
individual
cells to contact.

Mesodermal-Ectodermal
Interactions
One of the more interesting
and least
understood
features
of early
limb development
begins
to occur during
the stage
of early
bud
formation
depicted
in Figure
5.
We know from
previous
experimental
studies
that the mesoderm
of the limb bud fias two origins.
One is the
tissue
which can be seen as part of individual
somites
adjacent
to the developing
bud.
The
second
point
of origin
is in the mesodermal
tissue
of the body (the somatopleure).
Both
tissues
contribute
to the mesenchyme underlying
the covering ectoderm of the limb bud.
These two
tissues
can be seen more clearly
in Figure 6 in
which a portion
of the ectoderm has been pulled
back to reveal
the underlying
mesoderm (arrows,
Fig. 6).
It is important
to note that there
is
no change in the contour
of the surface
of the
ectoderm at this developmental
stage.
However, a
very important event is occurring
as a result
of
some unknown type of communication
from the
underlying
mesoderm.
This mesoderma l "induct ion"
will eventually
result
in the appearance
of a
ridge
(see Figure
10) which develops
along the
distal
border of the developing
limb bud.
More
will
be said regarding
this
ridge in a moment.

The Apical Ectodermal Ridge
As a result
of mesodermal
induction,
an
apical
ectodermal
ridge
forms on the distal
boundary of the developing
bud (Figu r e 10).
A
great
deal
of experimentation
in birds
and
mammals has revealed
that
the presence
of the
ap i ca 1 ridge is res pons i b 1e for the establishment
of all parts of the limb.
Experimenta ly, if the
ridge
is removed or damaged,
limb development
ceases and no further
limb parts
are developed.
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Figure
1: Mouse embryo showing morphological
relationships
of somites(s),
flank(f),
and limb buds (lb).
The amnion and other extraembryonic
membranes have been dissected
away to revea l the contours of the
embryo.
Bar= 100 µm.
Figure
2: Higher magnification
reveals the early limb bud to be an elevation
on the embryonic flank
ventrolateral
to the somites.
As development continues,
the bud wi 11 acquire a more cylindrical
shape
which wi 11 be molded by proliferatin,
migration,
di~rerentiation
and death of cel l s into a definitive
1 i mb. Bar = 100 µm.
Figure
3: The fore and hind limb buds are visible on this hamster embryo. The hind limb is delayed
approximately
one developmental
stage from that exhibited
by the fore limb, a phenomenon associated
with
the general cranial
to caudal gradient
exhibited
by all vertebrate
embryos . Bar= 100 µm.
Figure
4: As the limb bud enlarges,
it develops polarity
in relation
to other body parts and axes.
The
dorsal (d) and ventral
(v) surfaces
are continous with ectoderm covering the somites and the flank,
respectively
. The border closest
to the head is anterior
(a), wheras that closest
to the tai 1 is posterior (p).
The base of the bud is proximal wheras the tip is distal
to the longitudina l axis of the
embryo's body.
Bar= 100 µm.
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Figure
5:
It is important to note that the early limb bud acquires
a considerable
mass of mesode rmal
tissue before the appearance of the apical ridge (see figure 10 for reference).
This mesoderm wi 11 differentiate
to form muscle, cartilage,
bone and blood vessel s in the limb. Bar= 20 µm.
Figur e 6: This micrograph shows a limb bud which has been partially
dissected
to reveal the mesoderm
(m) beneath the covering ectoderm (e) . Limb mesenchymal tissue comes from both somite and flank mesoderm .
The somite -d erived cells differenticate
into muscle, whera s the tendons and cartilage
of the lim b deve lop
from mesoderm of the flank (technically,
the somatopleure
of the embryo). Bar= 50 µm.
Figure
7:
In this dissected
li mb bud, the mesoderm is seen to be closely opposed to the covering
ectoderm.
Inductive
interactions
transmit
signa l s from the mesoderm to the overlying
ect rod e rm which
initiates
the appearance and maintenance of the apical
ridge.
The precise nature of this inductive
process is not understood,
although it is clear that direct
cell to cell contact between mesoderm and
ectode rm does not occur.
Consequently s i gna ls must be mediated through the extrace llul a r matrix.
Bar = 10 µm.
Figure
8: The scanning electron
mic r scope provides a unique image of extracellular
materials
in the
mesoderm, a lth ough it does not facilitate
recognition
of the exact molecular species present
in the
matrix,
However, other techniques
reveal the cob-web-1 ike material
to consist
of collagen,
proteoglycan
macromolecules,
glycosaminog l ycans, and adhesive molecules,
e.g. fibronectin.
Bar= 1 µm.
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Figure
9: As noted, no direct
intercellular
contact occurs between the ectoderm and mesoderm during the
period of ridge induction.
However, it can be seen in this image that the extracellular
matrix spans the
interface
(arrows) between interacting
embryonic tissues.
Bar= 1 µm.
Figure 10: As development continues,
the 1 imb bud elongates
and exhibits
a thickened ridge of ectoderm
along its distal
border (the "apical ectrodermal
ridge").
This structure
is required for the specification of the parts of the limb.
If the ridge is removed, limb development ceases and no subsequent limb
parts wi 11 form. Bar = 100 µm.
Figure 11: Since the apical ridge somehow signals underlying
mesoderm, it is important for the borders
of cells at the surface of the embryo to be tightly
sealed to facilitate
directional
flow of information
into the mesodermal compartment.
As can be seen in this micrograph,
individual
cells,
both in the apical
ridge and the non-ridge ectroderm,
are tightly
joined at their apical surfaces,
creating
a cobble-stone
appearance at the embryo's surface.
Bar = 100 µm.
Figure 12: This dissected
1 imb bud illustates
the structual
relationships
of the apical ridge and nonridge ectroderm to the underlying,
as yet undifferentiated,
mesoderm. A vascular
plexus is beginning
to form at this stage to provide nutrients
to all regions of limb mesenchyme. Bar= 10 µm.
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In addition,
the ridge
is responsible
for the
growth and proliferation
of cells
immediately
subjacent
to the ridge.
This region
has been
termed the "progress
zone" ( see Figures
16 and
17) and it is a region of mesoderm in which cell
proliferation
participates
in limb outgrowth.
Figure
11 shows that
the outer
boundary of the
limb bud is tightly
sealed
from leakage either
of
amniotic
fluid
or other extracellular
fluids
into
the mesoderm across
the ectoderm.
In addition,
the tightly
joined
ectoderm
also
prohibits
materials
which are secreted
within
the ectoderm
in finding
their
way out to the extraembryonic
environment.
Indeed,
materials
which
are
synthesized
and secreted
by ectoderm have their
way into the subjacent
mesoderm facilitated
as a
result
of the tight
intercellular
junctions
which
form the cobblestone
pattern
of apical
cell
surfaces
within
both
ridge
and non-ridge
ectoderm.

is well dev e loped wi thin the developing
l i 1mb and
specific
variations
in fluid
dynami c s are
observed
within
the
developing
limb.
In
addition,
Figure
17 reveals
the
z o ne of
proliferation
(the
"progress
zone")
wh ·ich is
composed
of some 8-10 ce 11 layers
bet we en the
boundary of the apical
ectoderm and the subjacent
vascular
sinus.
This zone is a special
region of
cell
proliferation
with
little,
if any ,. cell
differentiation
occurring.
It is interesting
to
question
the regulation
of the relationship
between
cell
proliferation
and
cell
differentiation
at this
stage,
because
110 new
structural
development
occurs.
However,
cell
growth and cell division
in all parts of t he limb
results
in a gradual elongation
of the dev e loping
limb.

The Handand Foot Plate
As limb development
nears
the period
where
the apical
ridge
ceases
to dictate
limb parts,
the hand and foot plate
appears,
displaying
the
primordia
of future digits
(Fig.
18).
Agai n, the
polarity
of the limb is retained,
as well
as
similar
polarity
in the five distal
digits
which
wi 11 develop
further
into
fingers
and toes.
Several
features
are noted at this stage.
First,
there
is a gradual
demise of the apical
ridge.
Since all limb parts have now been specified,
the
api c al ridge
undergoes
cellular
death
and
subsequently
regresses
to become indistinguishable from embryonic
skin.
In addition,
i t is
possible
to obse r ve the
appearance
of
morphogenetically
regulated
cell
death,
which
will
ultimately
give rise to the space s between
digits.
The indentations
at the distal
boundary
of the limb in Figure
18 mark the beginning
of
this
ph e nome na.
Furthermore,
the cartilages
whi c h will
c ont r ibute
to th e blastema
of
individual
digits
are in evidence
within elevated
regions
radiating
from the developin
g wri s t
region.

As the apical
ridge thickens,
it is possible
to dissect
specimens
in such a way as to reveal
the ectodermal-mesodermal
interface
at regions
of
ridge
as well as non-ridge
ectoderm.
Figure 12
illustrates
such a dissected
limb bud showing
both the ridge,
the non-ridge
ectoderm
and the
subjacent
mesoderm.
It is noted that
even at
this
stage
of limb development,
the mesoderm is
structurally
homogeneous,
whereas
the ridge
is
readily
distinguished
from the
non-ridge
ectoderm.
Further
dissection
of ectoderm
(Figure
13 l reveals
the interface
between the mesoderm
and the ectoderm
where inductive
interact
i ons
occur.
Higher
magnification
(Figure
14) shows
that the surface
of mesoderma l eel ls immediately
beneath
the apical
ridge ex hibits
a labyrinth
of
cellular
projections
which intertwine
with one
another
immediately
beneath
the basal
lamina
whic h is attached
to the apical
ridge.
Studies
with transmission
electron
microscopy
reveal that
these
cellular
projections
often
contact
e ach
other
to form
intercellular
junctions
with
adja c ent cells
as well
as with
cells
some
distance
away in the mesoderm.
This observation
is illustrated
better
in Figure
15 where it can
be seen that cell processes
contact
both adjacent
and more distal
cells,
and form communicating
junctions
which
may provide
a structural
mechanism
for cell-cell
signalling
during
development.
The molecular
nature
of such
alleged
signals
is unknown.
However,
the
diameter
of channels
which
form
within
communicating
junctions
would permit
only ions
and small
molecular
weight
metabolites
to be
transferred
between
cells
coupled
by such
st rue tu res.

By dissecting
the hand plate
at this
stage
in development,
it c an be seen that
individual
mese nchymal cells
in the core of the hand plate
are surrounded
by an elaborate
e x tracellular
matrix
(Fig.
19).
However,
Figure
20 reveals
that
cells
in the digital
core,
as well as the
differentiating
radius and ulna,
ar e beginning
to
show surface
characteristics
of cartilage.
Individual
mesenchymal eel ls aggregate
together,
form short
intercellular
projections,
and begin
to elaborate
cartilage-specific
matr ix containing
proteoglycan
molecules
rich
in chondroitin
and
other
sulfated
glycosaminoglycans.
Figure
21
also
shows
that
many of the cells
that
are
peripheral
to regions
of developing
cartilage
retain
the elaborate
arrangement
of intercellular
projections
which
contribute
to cell-cell
c ommunication.

Early LimbYasculature
As the
apical
ridge
establishes
the
compartments
which shape the limb,
additional
structures
appear
which provide
mechanisms
not
only for cellular
nutrition,
but potentially
for
shaping the limb as a result
of the mediation
of
specific
informational
signals.
This component
is the developing
vasculature .
Figure 16 shows a
small capillary
partially
dissected
to reveal
a
red cell
contained
within.
The capillary
system

By focussing
one's
attention
on the region
of distal
indentation
(which is contributing
to
the developing
interdigital
zones),
it can be
seen that
the extracellular
matri x in these
regions
is also changing.
Collagen
fibers
are
disassembling
from the overlying
ectoderm
(Fig.
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Figure 13: When the apical ridge is removed, the scanning electron
microscope permits imaging of mesenchymal surfaces
adjacent
to inductive
and non-inductive
areas.
This micrograph reveals the area beneath
the ridge.
Hundreds of slender,
cellular
projections
from mesodermal cells are seen at the epithelialmesenchymal interface.
Bar = 10 µm.
Figure 14: Higher magnification
of the mesodermal surface beneath the apical ridge reveals the interwoven nature of cellular
processes.
These projections
contact each other and adjacent
cell bodies, and
are observed to penetrate
several cell diameters
into the mesoderm furthe r from the apical ridge.
It is
probable that intercellular
signalling
is mediated by communicating junctions
which form at sites of
contact between cells.
Bar= 2 µm.
Figure 15: It is important to recognize
that contacts
between cells in the limb mesoderm provide the
basis for a signalling
network which may play a role in organizing
regions of tissues
with morphogenetic
significance
and in coordinating
differentation
of cells into limb structures.
This micrograph further
illustrates
the interconnections
in this mesenchymal network. Bar= 2 µm.
Figure 16: This micrograph of a dissected
region of mesoderm reveals a capillary
(c) containing
a red
blood cell (rbc).
It is not known whether the developing vasculature
participates
in limb morphogenesis
beyond providing
nutrients
to cells and tissues.
Bar= 2 µm.
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Figur e 17 : The region of mesoderm between the marginal vascular
sin us (ms) of the l imb and the apical
rid ge (aer) i s known as the prog r ess zone (b rackets).
This r eg i on does not unde r go cel lul a r d iff e r e ntiation as l ong as the ap ical ridg e is present.
Howeve r, cel l p ro lif e ra t ion (mitosis ) is act iv e whi ch
contributes
to th e outward growth of the lim b . This spec imen was prepa r ed by freezing
th e embryo, then
fracturing
the ti ss ue with a razor blade. Bar= 2 µm.
Th is i s a micro graph
Figure 18 : As developme.nt contiunes,
distal
st ructur es on the limb begin to form.
of the developing
hand plate from a human embryo.
The five digits
are beg i nn ing t o t a ke s hap e , a s are
cell
the contours of the future
int er digital
s pac es . A combination of digital
outgrowth and int e rdigital
death will s hape the hand to its definitive
f o rm. Bar= 10 µm .
Figure 19 : When the hand plate is dissected
open, it is appartent
that mesenchymal ce lls are aggregating
to form cartilage
. This micrograph
r eve als the matrix surrounding
these cells as differentiation
of
cartilage
beg ins.
In the embryo , all the bony components of limbs are formed first
as carti ]ag e .Bar= lµ1m.
Figure 20: With the matix chemically
r emove d, th e surfaces
of cartilage
cells can be seen.
This i mage
shows that cells ar e closely opposed (aggregated)
and are losing the long processes
obse rv ed earli e r in
deve lopment.
Short proj ec tion s, charact e ri st ic of chondroc yte s (cartilage
cells),
a r e now observed.
Bar= 2 µm .
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Figure

21

Mesenchymal cells
in the hand plate
which are located
away from chond rogen ic regions retain
the long, interwoven projections
characteristic
of
earlier,
undifferentiated
mesenchyme.
Some of these
cells
will
form muscle
tissue,
whereas
others
wi 11 undergo
senescence
and
cell death.
Bar = 2 µm

Figure

22

Regions
of the limb experiencing
cell
death
(e.g.
the interdigital
spaces)
exhibit
reorganization
and
deterioration
of both
matrix
elements
and
cells.
In this
micrograph,
collagen
fibrils
beneath
the ectoderm
are
visible
(small
arrows)
as is cellular
debris
form
necrotic tissue
(large arrows).
Bar = 2 µm

Figure

23

A dissected
limb bud which shows the
principal
cells
and structures
which
interact
to form the definitive
limb: apical
ridge
(aer);
mesoderm
(ml; non-ridge
ectoderm (el; and the
interposed
extracellular
matrix
( ecm) • Bar = 10 µm
In summary,
it can be seen
that
the
developing
vertebrate
limb serves
as a model
morphogenetic
system
(Figure
23).
This
experimental
model
requires
epithelial
mesenchymal
interactions,
as evidenced
by the
mutual
inductions
between subjacent
mesoderm and
the overlying
apical
ectodermal
ridge mediated
through extracellular
matrix.
In addition,
it is
clear
that
for subsequent
organization
and
development
of mesoderm,
cell
contacts
must be
formed between mesoderm cells
which facilitate
intercellular
signaling,
exchange
of nutrients
and, potentially,
the exchange
of informational
macromolecules.
Furthermore,
as development

22),
creating
a disorganized
pattern,
and
cellular
death is in evidence.
One must assume
that
adjacent
living
cells
engulf dead elements
by the process of phagocytosis
and, indeed, there
is evidence
from other
microscopic
methods to
verify this suggestion.
As cell
death proceeds,
the overlying
ectoderm
will
indent
further
to
contribute
to the developing
interdigital
space.
Concomitantly,
continued
growth of the digit
wi 11
result
in the final pattern
characteristic
of the
mammalian hand or foot plate.
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proceeds,
the dual origin
of mesoderm expresses
itself
in the
formation
of muscle
and of
cartilage
and tendons.
Tissue
differentiation
ultimately
results
in the expression
of the
various
bony parts
of the limb as well as the
associated
muscular and vascular compartments.
Finally,
limb development
is remarkably
similar
in reptiles,
birds and mammals (although
significant
variants
appear
in amphibians).
Since
many of these
embryos
lend themselves
readily
to experimentation,
we should be able to
design
experiments
which
will
help
us to
understand
more of the genetic
control
of limb
morphogenesis.
By so doing,
one hopes
that
investigators
will
be able
to define
further
those
factors
which control
and regulate
the
shape of the vertebrate
limb.
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